Background: Greater frequency and intensity level of sports participation may be contributing to an increasing incidence of anterior cruciate ligament (ACL) tears in skeletally immature athletes. Prior studies have assessed the functional outcomes of physealrespecting ACL reconstruction in this patient population based on adult functional outcomes scoring systems; however, there is only sparse literature evaluating functional outcomes of this specific patient population. This study aimed to retrospectively evaluate a cohort of pediatric patients who had undergone all-epiphyseal ACL reconstruction (AEACLR) with a set of clinically validated, pediatric-specific patient-reported functional outcomes scores (PRFOS). We hypothesized that patients who had rerupture would have significantly lower outcomes scores compared with those who did not rerupture. Methods: This was a retrospective evaluation of AEACLR patients at a single, tertiary care, children's hospital within a period of 2 years and had > 6 months of initial clinical postoperative follow-up. Those who consented to participation were provided an online combined survey including questions relating to demographics and rerupture as well as 3 validated pediatric PRFOS. Statistical analysis of the cohort demographics, PRFOS, and subgroup analysis of the rerupture group compared with the ACL intact patients was performed. Results: The mean functional outcome scores at a mean of 48.6 months from surgery demonstrated excellent return to functional activity ( A pproximately 200,000 anterior cruciate ligament (ACL) injuries occur in the United States annually. 1, 2 There is also an increasing trend toward surgical management of ACL ruptures with an increase in incidence from 86,687 ACL surgeries in 1994 to 129,836 in 2006. 2 Concomitant with the overall increase in ACL ruptures in the United States is an increasing intensity and frequency of sports participation among prepubescent children. 3, 4 This increased level of sports participation among youth athletes may be contributing to the higher incidence of ACL tears in skeletally immature children. 5 Nonoperative management of ACL injuries in the skeletally immature athlete has been demonstrated to result in continued instability, meniscal injuries, cartilage damage, and premature osteoarthritis. [6] [7] [8] [9] As a result, operative treatment of ACL injuries in this patient population has been advocated, especially in youth athletes. Operative management of ACL ruptures in the skeletally immature athlete; however, requires consideration of the growing physis in order to minimize the risk of growth disturbance. [10] [11] [12] For this reason, several surgeons have developed different methods for physeal-respecting ACL reconstruction 13, 14 ; these include extraphyseal/ extra-articular ACL reconstruction, 15 all-epiphyseal ACL reconstruction, [16] [17] [18] and transphyseal ACL reconstruction utilizing a soft-tissue graft. [19] [20] [21] reconstruction techniques use bone tunnels that spare the physis 22 by utilizing anatomic insertions 23 with altered tunnel trajectories. 24, 25 Basic science studies of physeal-respecting methods of ACL reconstruction demonstrate that these techniques may result in some residual translational or varus rotational laxity of the knee 26 despite greatly improving knee stability compared with the ACL deficient state. It is unclear from the literature what clinical effect this mild residual instability has on the function of the skeletally immature knee. The adult literature has examined the factors predisposing rerupture; however, biomechanical comparison of postreconstruction residual laxity has not been correlated to inferior clinical outcomes. 27 The purpose of this study was to prospectively evaluate a large cohort of pediatric patients who had undergone all-epiphyseal ACL reconstruction using validated, pediatric-specific, patient-reported functional outcome scores. We also sought to assess ACL rerupture risk in this cohort as well as clinical outcomes following rerupture.
METHODS
After receiving institutional review board's approval, a billing list query was conducted for all patients undergoing ACL reconstruction surgery (any type) at a large, tertiary care children's hospital and its satellite ambulatory surgery centers performed by 3 surgeons (T.J.G., L.W., J.T.L.) between April 1, 2009 and January 14, 2015. Inclusion criteria were all patients below 18 years who underwent all-epiphyseal ACL reconstruction and had > 6 months of postoperative follow-up. Operative reports were reviewed to confirm that included patients underwent all-epiphyseal ACL reconstruction. Exclusion criteria were patients who had a history of previous ipsilateral or contralateral knee surgery of any type (ie, previous ACL reconstruction, meniscal repair) or other ACL reconstruction technique (ie, transphyseal, hybrid, or extra-articular reconstruction). ACL reconstruction was universally performed using a quadrupled hamstring graft with cortical button fixation of the femoral graft. The femoral tunnel was drilled between 90 and 95 degrees utilizing an outside-in femoral tunnel guide. Allepiphyseal tibial tunnels were drilled with the guide set at 30 to 35 degrees and confirmed intraoperatively either with fluoroscopy or intraoperative CT scan. Tibial fixation was achieved with either aperture or cortical button fixation. Patients who met inclusion/exclusion criteria and consented to participation were provided a survey consisting of 3 validated, pediatric-specific, patient-reported outcome scores including the Patient-Reported Outcomes Measurement Information System (PROMIS) activity scale: an NIH designed and supported collection of validated, reliable, and accurate patient-reported tools for evaluation of physical, mental, and social well-being across a variety of chronic illnesses and conditions. It includes pediatric-specific scales and multiple domains, including one for physical function/mobility. The Pediatric International Knee Documentation Committee (IKDC) Score: a 21 item, reliable, valid, and responsive patient-administered pediatric-specific outcome in-strument to evaluate knee-specific measures of symptoms, function, and sports activity. The third and final score utilized was The Hospital for Special Surgery Pedi-Functional Activity Brief Score (Pedi-FABS): a brief, validated 7-question survey designed to quantify level of sports activity in children. 13 These surveys along with other data regarding demographics, activities, mechanism of injury, and reinjury were collected by email using the REDcap online survey system. 28 REDCap (Research Electronic Data Capture) is a secure, web-based application designed to support data capture for research studies, providing (1) an intuitive interface for validated data entry, (2) audit trails for tracking data manipulation and export procedures for seamless data downloads to common statistical packages, and (3) procedures for importing data from external sources. Patients were encouraged to complete their surveys independently; however, parental assistance was permitted as necessary.
Mean functional outcome scores with SDs and 95% confidence intervals (CIs) were computed. Descriptive statistics were used to characterize patient age at surgery, mean follow-up, and reinjury rate. Mann-Whitney U test was used to compare outcome scores between patients who had reinjury versus those who had no reinjury. As there was no repeat examination, patients who were functional did not require return visits or interventions were presumed intact. Comparative statistics were conducted for all intact patients compared with those with reruptures. The mean time of rerupture was determined, and the subgroup of patients > 2 SDs from the mean follow-up ( > 3.5 y from surgery) were also compared with those with reruptures to eliminate the possibility that those who were intact at the time of survey would likely go on to a subsequent rerupture. Additional subgroup analysis was conducted with patient age stratified.
RESULTS
There were a total of 426 ACL reconstructions performed during the study period. A total of 138 subjects met inclusion/exclusion criteria and were contacted by telephone to obtain consent. The 39 subjects declined to participate or could not be reached after 3 attempts (an institutional maximum call limit). Of 99 consenting subjects, 83 subjects completed the surveys by the data collection deadline. The mean age at initial surgery was 12.3 years (range, 6.3 to 15.9 y). The mean clinical followup was 15.5 months (range, 6 to 66 mo) and the mean time from surgery to completion of the survey was 48.6 months (range, 16 to 79 mo). At the time of survey completion, the mean Pedi-IKDC score was 93.8 (95% CI, 92.3-95.2), mean Pedi-FABS score was 21.6 (95% CI, 19.9-23.2), and mean Pedi-PROMIS score was 98.8 (95% CI, 98.2-99.5).
Eleven subjects (13%) had reinjured the ipsilateral ACL at a mean of 2.7 years after surgery (95% CI, 1.9-3.5). The mean age of this subpopulation at the time of initial injury was 12.1 years (95% CI, 10.8-13.4) compared with the ACL-intact cohort mean age of 12.3 years (95% CI, 11.9-12.7; P = 0.5).
Initial subgroup analysis comparing rerupture patients to all intact patients demonstrated a mean Pedi-IKDC score of 94.9 (95% CI, 93.6-96.2) for the intact group versus 86.0 (95% CI, 80.6-91.5) in the rerupture group (P = 0.001). The intact group's Pedi-PROMIS score was 99.4 (95% CI, 99.0-99.8) versus 95.4 (95% CI, 91.0-99.7) in the rerupture group (P = 0.001) (Fig. 1) . The intact group's Pedi-FABS score was 22.1 (95% CI, 20.4-23.9) compared with 17.7 (95% CI, 11.9-23.6) for the rerupture group (P = 0.06) (Fig. 2) .
Reexamining the population of intact patients by including only those > 2 SDs from the average time to rerupture (35 patients), demonstrated similar results with a mean Pedi-IKDC score was 94.8 (95% CI, 92.7-96.9) for the intact group versus 86.0 (95% CI, 80.6-91.5) the rerupture group (P < 0.0001). The intact group's Pedi-FABS score was 21.2 (95% CI, 18.4-23.9) compared with 17.7 (95% CI, 11.9-23.6) for the rerupture group (P = 0.167). Finally, the intact group's Pedi-PROMIS score was 99.5 (95% CI, 99.7-100) versus 95.4 (95% CI, 91.0-99.7) (P = 0.007) for those with rerupture.
Stratification of patients by age 12 years or above and below 12 years demonstrated no statistically significant difference in functional scores between the 2 populations. For those below 12 years of age, the Pedi-IKDC was 93.9 (95% CI, 91.7-96.1), the Pedi-FABS was 22.6 (95% CI, 20.4-24.8), and the Pedi-PROMIS was 98.9 (95% CI, 98.0-99.9). Whereas for those 12 years or above of age the Pedi-IKDC was 93.7 (95% CI, 91.7-95.7) (P = 0.764), the Pedi-FABS was 20.7 (95% CI, 18.3-23.2) (P = 0.477), and the Pedi-PROMIS was 98.8 (95% CI, 97.8-99.8) (P = 0.617).
DISCUSSION
ACL reconstruction in children has become common practice given the risk of further intra-articular damage demonstrated with nonoperative management. As the number of pediatric patients participating in year-long sports activity at increasing levels of intensity rises, the rates of ACL rupture among skeletally immature patients may also continue to increase. Previous studies evaluating allepiphyseal ACL reconstruction are retrospective, heterogeneous in both methods of reconstruction, and evaluation of outcomes. [29] [30] [31] [32] [33] These studies have evaluated patients undergoing a variety of physeal-respecting ACL reconstruction techniques utilizing rates of rerupture and return to sport as primary outcomes, but few studies have looked at patientreported outcomes in this patient population. 35 The largest cohort study to date investigating all-epiphyseal ACL reconstruction failed to evaluate patient-reported outcomes and instead examined complications, rerupture rates, and knee range of motion as the primary outcomes. 34 The current study assessed the outcomes of pediatric patients who underwent all-epiphyseal ACL reconstruction by administering validated pediatric-specific functional outcome scores. We also assessed subjects' ACL rerupture rate and compared functional outcomes between those who reruptured and those who did not. The results of this study demonstrate consistently high mean Pedi-IKDC, Pedi-FABS, and Pedi-PROMIS scores for the group as a whole. However, the subgroup of ACL reruptures compared with ACL intact patients and the subgroup of those > 2 SDs from the mean time to rerupture demonstrated a trend toward poorer Pedi-FABS scores and statistically significantly lower Pedi-PROMIS and Pedi-IKDC scores.
These results are similar to previous studies looking at short-to-medium term outcomes after all-epiphyseal ACL reconstruction and comparable to the long-term outcomes scores among extra-articular/extraphyseal ACL reconstruction [mean (adult) IKDC 95.7 at mean 5.3 y postoperatively]. 15 In addition, these scores are comparable to the similar pediatric cohort of Koch et al. 32 who were administered the adult IKDC survey (mean IKDC, 88.4; 95% CI, 75-99).
Previous studies have demonstrated a predilection toward ipsilateral ACL rerupture and contralateral ACL rupture after ACL reconstruction in both adult and pediatric patients. 27, 35, 36 Although physeal-respecting methods of ACL reconstruction may not fully restore the translational 37 or varus rotational stability of the knee, 26 they greatly improve knee stability compared with the ACL deficient state. It is unclear from the literature what effect this mild residual instability has on the function of the skeletally immature knee. The majority of published rerupture rates in pediatric patients have included a heterogeneous collection of physeal-sparing methods for ACL reconstruction. These rerupture rates have varied from 5.4% 29 to 8.5%. 38 The few all-epiphyseal ACL reconstruction studies reporting rerupture rates have reported rates ranging from 10.7% 34 to 15%, 32 which are consistent with the current study. The current study has a rerupture rate slightly higher than the previous study looking at this population from the same institution (13% vs. 10.7%). This may be attributable to selection bias as it is possible that patients with poorer outcomes were more motivated to complete the survey. Alternatively, the attrition rate could also contribute to an artificially lower rate of rupture as 39 patients were either unable to be contacted or declined to participate in our study. In addition, as all surveys were completed in the same chronologic period, there remains the possibility that subjects completed the study before a rerupture.
These outcome scores imply that this cohort has regained substantial functional ability after all-epiphyseal ACL reconstruction at a mean of 48.6 months postoperatively. Although the mean outcomes scores are indicative of the general functionality provided by ACL reconstruction, the appreciable rate of ACL rerupture is an important avenue for future research. The rerupture rate in this cohort was similar to other studies examining ACL reconstruction in skeletally immature patients, 28, 32, 34 however it is slightly higher than those described in the adult population. 27 In addition, the rerupture rate reported in this current cohort may be an underestimate since we included patients with only 6 months of postoperative follow-up. Relatively high rates of rerupture in this population may be the result of a higher baseline activity level and demand as well as potential selection bias since those who undergo ACL reconstruction are likely to be more active in general. This study is limited, however, as objective measures of stability of the reconstruction were not recorded, and data on the level of sports participation among our subjects was not requested, and therefore it was not possible to fully assess activity level and graft related issues as potential risk factors for graft rerupture. Although there were no angular deformities, leg length discrepancies or gross laxity apparent in this study cohort, no subsequent clinical exam was performed beyond that which is typically done in this patient population.
Our results displayed decreased functional outcomes scores in patients who sustained rerupture compared with those who did not and these differences reached statistical significance in both the Pedi-IKDC and Pedi-PROMIS scores. The limited number of rerupture patients precluded meaningful rerupture risk analysis. Although we identified 138 potential study patients, only 83 patients were able to complete the patient-reported outcomes questionnaires. Finally, because of the retrospective study design, we did not have preoperative patient-reported functional outcome scores to compare to postoperative scores, and therefore cannot assess whether our collected outcome scores were potentially any different from patients' baseline scores. Despite this, our study represents the largest cohort reported to date examining pediatric-specific patient-reported outcomes scores following all-epiphyseal ACL reconstruction.
CONCLUSIONS
Patients who undergo all-epiphyseal ACL reconstruction have excellent outcomes based on pediatricspecific patient-reported outcomes evaluation. Those who sustained a rerupture demonstrate a decrease in functional outcomes scores compared with those with intact ACL grafts. The results of this study demonstrate the efficacy allepiphyseal ACL reconstruction for the treatment of ACL rupture in the skeletally immature athlete
